In this work, Fabry-Perot nanocavity resonance enabled strong light absorption in ultrathin single layer silicon films on different metal surfaces was investigated. It was found that the peak absorption wavelength depends on the metal underneath the silicon film in addition to the silicon film thickness. Perfect light absorption was observed in deep subwavelength ultrathin silicon films on titanium (Ti) and chromium (Cr) metal surfaces in visible spectrum, which is caused by the zeroth order Fabry-Perot resonance mode where the round-trip phase delay in the nanocavity is zero. A perfect light absorber with an ultrathin silicon film as thin as 1/27 of the absorption wavelength on titanium metal surface has been demonstrated.
Introduction
Spectrally selective light absorption is useful for many applications, such as color filters [1] - [5] , biosensors [6] - [10] , and enhanced optical detection [11] . Spectrally selective light absorption is traditionally realized in chemical dyes. With the development of nanofabrication technologies in past several decades, spectral selective light absorption has been extensively investigated in patterned nanostructures [8] - [13] . Recently, spectrally selective light absorption was investigated in single-layer semiconductor thin films deposited on metal surfaces [4] , [5] , [14] - [17] . Thin film structures require less complicated fabrication process, therefore have advantages over patterned nanostructures due to low manufacturing cost and large-area manufacturing ability.
A single-layer high index semiconductor film on a metal surface creates a Fabry-Perot optical cavity. At one of the cavity's resonance modes, incident light can be completely trapped and absorbed due to the critical coupling [18] . By changing thickness of the semiconductor film, the peak absorption wavelength can be changed over a wide range of spectrum. Previously, we reported perfect light absorption in single-layer silicon films on an aluminum surface due to mode-selective critical coupling [4] , [6] . We have shown that the perfect absorption wavelength can be changed by changing the thickness of silicon film. In this work, we investigated change of the peak absorption wavelength with the change of the metal by depositing silicon films on different metals. The motivation of this work is to explore a new scheme to generate different optical colors with a same thickness silicon film but different substrate metals for simplifying the device fabrication process. Fig. 1(a) shows the schematic device structure in which a single-layer silicon (Si) film is deposited on a metal surface. The underneath metal is a thick metal film that completely prohibits light transmission through the metal film. The structure forms an asymmetric Fabry-Perot optical cavity, which can completely absorb light at a specific wavelength when the critical coupling condition is met.
Device Fabrication and Experimental Results
To fabricate the device, we first deposited 200 nm thick different kind metal films (silver (Ag), aluminum (Al), gold (Au), copper (Cu), chromium (Cr), and titanium (Ti)) on silicon wafer substrates, respectively, by using a Denton sputter system. During the metal depositions, the DC power of the Denton sputter system was set at 200 watts and the argon pressure was set at 5 mTorr. After metal depositions, each wafer was diced into four pieces for subsequent depositions of Si films. We deposited 20 nm, 25 nm, 30 nm, and 50 nm thick Si films on each kind of metal surface. For Si film depositions, the RF power of the sputter system was set at 200 watts, and the argon pressure was kept at 5 mTorr. The deposition rate of Si film was 0.08 nm per second, calibrated by a surface profilometer (KLA-Tencor P10). In total, we fabricated 24 devices made of different thicknesses of Si films ranging from 20 nm to 50 nm, deposited on different metal films of Ag, Al, Au, Cu, Cr, and Ti. Fig. 1(b) shows photographs of all fabricated devices, taken under ambient sunlight. Each device has an area of about one centimeter square. It can be seen that the color of the device varies with the metal in addition to silicon film thickness. For color filter applications, an illustration of a fixed thickness of silicon film of 30 nm on different metals is shown in Fig. 1(c) , which shows different optical colors corresponding to different metals underneath the silicon film.
Optical absorption (A) in fabricated devices can be obtained by measuring the optical reflectivity (R) from devices. Since the metal film underneath the Si film is optically thick, and no light transmits through it (T = 0), optical absorption in devices can be calculated as A = 1 − R by using the law of energy conservation. We measured optical reflectivity by using a broadband halogen light source (Ocean Optics HL-2000) and a visible-near-infrared (IR) optical spectrometer (StellarNet BLK-C-SR). The light from the halogen light source was first coupled into a multi-mode optical fiber and the output from the optical fiber with a beam diameter of 62.5 microns was incident onto the device. The area size of the devices was about 1 cm 2 that was much larger than input beam diameter. The reflected light from the device was collected by a collimator and sent to the spectrometer through a multi-mode optical fiber. The measured reflectivity was normalized by the incident light. Both the optical fiber of the incident light and the collimator were mounted on a rotational stage for measuring reflectivities at different angles of incidence. The incident light was unpolarized, and the reflectivity from the devices was measured first at a 10 degree angle of incidence. We measured the reflectivity at 10 degree angle of incidence as the smallest angle due to the limitation of the measurement setup. The reflectivity from the device at a 10 degree angle of incidence is exactly the same as reflectivity at normal incidence because the absorption in the structure is angle insensitive. Detailed analysis on angular dependence of absorption will be discussed in the later section of this paper. the reflectivity spectra from devices with the same metal film, varies with the Si film thickness. For a silver (Ag) metal film, as an example, the measurement results are shown in Fig. 2 (a). Spectrally selective optical absorption was observed at wavelengths of 487 nm, 517 nm, 521 nm, and 637 nm, respectively in devices with 20 nm, 25 nm, 30 nm, and 50 nm thick Si films. Similarly, for other metal films, the peak absorption wavelength changes with the thickness of the Si film. Fig. 2 (a)-(f) also show that the reflectivity spectra vary with the choice of metals underneath the Si films. For an example, in devices with a 20 nm thick Si film on Al, Cr, Au, Ag, Cu, and Ti metal surfaces, the peak absorption wavelengths are 433 nm, 457 nm, 465 nm, 487 nm, 496 nm, and 537 nm, correspondingly.
Perfect light absorption was observed in devices with Cr and Ti metals. For Cr metal, perfect light absorption occurred at wavelengths of 457 nm, 505 nm, 564 nm, and 806 nm in devices with 20 nm, 25 nm, 30 nm, and 50 nm thick Si films, as shown in Fig. 2 (e). Also, for Ti metal film, perfect light absorption occurred at wavelengths of 537 nm, 576 nm, 632 nm, and 848 nm in devices with 20 nm, 25 nm, 30 nm, and 50 nm thick Si films, as shown in Fig. 2 (f). It can be seen that with Ti metal, perfect light absorption occurs at longer wavelength than that with Cr metal film for the same thickness of the Si film. This is because Ti has larger optical absorption than Cr in the visible spectrum. As a result, Ti metal can be used to achieve perfect light absorption with thinner Si films. In the device with Ti metal film as the thinnest device, perfect light absorption was achieved with Si film as thin as 1/27 of the perfect absorption wavelength. This is a significant reduction of device thickness compared to previously reported works [4] , [5] , [14] - [17] , which can dramatically reduce the cost of fabrication.
In devices with same Si film thickness but different metals, optical absorption depends on the choice of metal. Metals, such as Ag, Al, Au, and Cu are low-loss metals because they are highly reflective (R > 85%), and they have low optical absorption (A < 15%) in the visible and near IR spectral range (600 nm-10 μm). Among these metals, Al has larger optical absorption in the 600 nm-1 μm spectral range. Other metals, such as Cr and Ti, are lossy metals by our definition, because they have higher optical absorption (A∼40%) in the visible and near IR spectral range. Due to the large optical absorption in lossy metals, perfect light absorption can be achieved with thinner Si films coated on the metals. With Cr and Ti metals, a wide range of perfect light absorption wavelengths from 457 nm to 848 nm was achieved in devices with Si film thicknesses from 20 nm to 50 nm, as shown in Fig. 2 (e) and (f).
Measured peak absorption wavelength versus Si film thickness was plotted and shown in Fig. 3 . It can be seen that the peak absorption wavelength varies with the Si film thickness. The peak absorption wavelength increases as the Si film thickness increases due to an increase in the propagation phase delay inside the Si film. In addition, with a fixed Si film thickness, the peak absorption wavelength varies with the choice of the metals. This is due to different phase changes happening in different silicon-to-metal boundaries, or it can be explained that the penetration depth into different metals are different. Detailed analyses on the phase delays inside the nanocavity will be discussed in the later section of this paper. Table 1 shows the values of peak absorption wavelength of different devices with 20-50 nm thick Si films on different metal substrates. It is shown that the peak absorption wavelength depends on both Si film thickness and metal substrate. Table 1 also shows the ratio (α) of the Si film thickness to peak absorption wavelength for each device. The ratio varies significantly with the choice of the metal substrate and the Si film thickness. The thinnest perfect absorber device was obtained with a ratio of 1/27 for 20 nm thick Si film on Ti surface. Fig. 4(a)-(d) show the measured reflectivity spectra from devices with different thicknesses of Si films ranging from 20 nm to 50 nm on different metals. It can be seen that the reflectivity spectra from devices with the same thickness of the Si film depend on the underlying metals. Fig. 4(a) shows the measured reflectivity spectra from devices with a 20 nm thick Si film on different metals. Perfect light absorption was observed at wavelengths of 496 nm, 457 nm, and 537 nm in devices with Cu, Cr, and Ti metal films, respectively. The measured reflectivity spectra from a 25 nm thick Si film on different metals are shown in Fig. 4(b) . Perfect light absorption was observed at wavelengths of 505 nm and 576 nm in devices with Cr and Ti metal films, correspondingly. Fig. 4(c) shows the measured reflectivity spectra from devices with a 30 nm thick Si film on different metals. It is seen that complete light absorption was observed in devices with Cr and Ti metal films at wavelengths of 564 nm and 632 nm, respectively. The measured reflectivity spectra from devices with a 50 nm thick Si film on different metals are shown in Fig. 4(d) . Perfect light absorption was observed at wavelengths of 806 nm and 848 nm with Cr and Ti, respectively. As shown in Fig. 4(a)-(d) , perfect light absorption was attained in devices with Cr and Ti metal films coated with Si films of thickness from 20 nm to 50 nm. At this range of Si film thickness, perfect light absorption occurs at the zeroth order resonance mode of the optical nanocavity in the visible range. The absorption spectral width for absorbance larger than 95% is ∼300 nm at the zeroth order resonance mode. Fig. 4 (e)-(h) shows the chromaticity coordinates on the International Commission on Illumination (CIE) 1931 chromaticity diagram [19] corresponding to the reflectivity spectra shown in Fig. 4(a)-(d) . Based on the variation of the chromaticity coordinates, it can be seen that the color of the device varies with the metal, as well as varying with silicon film thickness.
Simulations and Discussion
To explain the strong optical absorption in the silicon film on metal structure, optical reflectivities from the devices were calculated. The optical constants of thin Si film were first measured by using an ellipsometer (VASE by J. A. Woollam Company). Optical constants of Ag, Al, Au, Cu, Cr, and Ti were taken from Palik's Handbook of Optical Constants of Solids [20] . The optical constants of a 100 nm thick Si film and different bulk metals are plotted in Fig. 5(a) and (b) . In Fig. 5(a) , it can be seen that lossy metals (Cr and Ti) have higher real part of index of refraction than low-loss metals (Ag, Al, Au, and Cu) in the visible and near IR spectral range. Also, among lowloss metals, Al has the highest real part of index of refraction in the spectral range from 600 nm to 1000 nm, therefore allowing stronger optical absorption in the devices with Al film, as shown in Fig. 2(b) . Reflectivity from the silicon-on-metal structure is calculated by R = |r | 2 , where r is the reflection coefficient given by [21] r = r 01 + r 12 exp(−jϕ s ) 1 + r 01 r 12 exp(−jϕ s ) .
In Eq. (1), r 01 and r 12 are the Fresnel reflection coefficients of the optical waves from air to silicon and from silicon to metal, respectively. They are
for TE polarization. For TM polarization r 01 = n 1 2 k 0z − n 0 2 k 1z n 1 2 k 0z + n 0 2 k 1z , r 12 = n 2 2 k 1z − n 1 2 k 2z n 2 2 k 1z + n 1 2 k 2z .
In Eqs. We calculated the optical reflectivity from devices with different Si film thicknesses from 20 nm to 50 nm on different metals of Ag, Al, Au, Cu, Cr, and Ti. The reflectivity is calculated with Eq. (1) for unpolarized light at normal incidence. The simulation results are shown in Fig. 6(a)-(d) . The calculated reflectivity spectra from devices with a 20 nm thick Si film on different metals are shown in Fig. 6(a) . The peak absorption wavelengths in devices with a 20 nm thick Si film on Cr, Al, Ag, Au, Cu, and Ti metal surfaces are 470 nm, 500 nm, 510 nm, 550 nm, 560 nm, and 570 nm, respectively. Similarly, for other Si film thicknesses, the peak absorption wavelength varies with the metals underneath the Si film.
The simulation results show that the incident light is coupled into the device's Fabry-Perot resonance mode. The strong optical absorption occurs at the zeroth order cavity resonance mode for devices with 20 nm to 50 nm thick Si films. The simulation results in Fig. 6(a)-(d) agree well with the experimental results shown in Fig. 4(a)-(d) . The small discrepancy between simulation results and experimental results is attributed to the difference of the index of refraction of 20-50 nm thick Si films from the index of refraction of 100 nm thick Si film, which was measured and used in our simulations.
Optical reflectivity versus wavelength and silicon film thickness was calculated with Eq. (1). The results are shown as 2-D plots in Fig. 7(a)-(f) . The blue bands represent the strong optical absorption caused by different resonance modes inside the Si optical nanocavity. It is seen that 
Optical Phase Analysis
To understand light absorption in devices, we calculated optical phase delays inside the Si nanocavity structure. At normal incidence, complex reflection coefficients r 10 and r 12 at silicon-air and siliconmetal boundaries are calculated by r 10 = (n 1 − n 0 )/(n 1 + n 0 ) and r 12 = (n 1 − n 2 )/(n 1 + n 2 ), where n i is index of refraction of medium i (i = 0, 1, 2 for air, silicon, and metal respectively). ϕ 10 and ϕ 12 are phases of the complex reflection coefficients r 10 and r 12 . Fig. 8(a) shows the calculated amplitude of reflection coefficients |r 10 | and |r 12 | at the silicon-air and the silicon-metal interfaces, respectively. Fig. 8(b) shows the calculated phase changes ϕ 10 and ϕ 12 at the silicon-air and the silicon-metal interfaces, respectively. The reflection coefficient amplitudes (|r 10 | and |r 12 |) and phase changes (ϕ 10 and ϕ 12 ) were calculated by taking the optical constants of Si and metals into account (see Fig. 5(a) and (b) ). In Fig. 8(b) , it can be seen that the phase change ϕ 12 at the silicon-metal interface depends on the metal underneath the Si film.
The electric field of the incident optical wave in air can be written as E (z, t) = E 0 E xp [ j(ωt − 2πz/λ)]. Inside the Si film, the round-trip propagation phase delay is ϕ s = 4πn 1 d/λ, where n 1 is the real part of index of refraction of Si film and d is the thickness of the Si film. Fig. 8(c) shows the calculated round-trip propagation phase delays (ϕ s ) inside the Si films of thickness from 20 nm to 50 nm. The total round-trip phase delay (ϕ total ) is the sum of the propagation phase delay (ϕ s ), the phase delay at the silicon-air boundary (−ϕ 10 ), and the phase delay at the silicon-metal boundary (−ϕ 12 ), i.e., 
.).
The zeroth order resonance mode occurs when the total round-trip phase delay inside the Si nanocavity is zero [6] , as shown with straight dotted lines in Fig. 8(d) -(f). This resonance mode occurs when the Si film thickness falls between 20 nm to 50 nm. As the Si layer thickness increases to over 50 nm, the first-order resonance mode will appear in the visible range, where the total round-trip phase delay inside the Si nanocavity is 2π.
Angular Dependence of Absorption
To explore angular dependence of light absorption in devices, we calculated optical reflectivity at different angles of incidence from 0º to 90º for both transverse electric (TE) and transverse magnetic (TM) polarization incidence. We chose devices with a 25 nm thick Si film on different metals. Fig. 9 (a)-(f) show the calculated reflectivities for TE polarization incidence, and Fig. 9 (g)-(l) show the calculated reflectivities for TM polarization at different angles of incidence. The reflectivities for unpolarized light incidence can be calculated by taking the average of the reflectivities of TE and TM polarizations. In Fig. 9 (a)-(l), it can be seen that the optical absorption in devices is insensitive to the change of angle of incidence up to 80º for both TE and TM polarizations. Thus, colors of the devices remain unchanged when viewing at different angles of incidence. The absorption in devices is very high at large angles of incidence. The white dashed lines in Fig. 9(a)-(l) are the contour lines where the absorption is 97%. The angle-insensitive absorption is due to the maintained zero total round-trip phase delay inside the Si nanocavity at large incident angles. The angle insensitivity absorption is very beneficial for display applications. In Fig. 9(g)-(l) , it can be seen that for TM polarization, by increasing the incident angle from 0º to 90º, the reflectivity from devices decreases and becomes zero at 80º for all metals. This angle is similar to the Brewster angle at which the reflectivity of TM-polarized light is zero. 
Summary
In this work, nanocavity resonance enhanced light absorption in ultra-thin silicon films on different metal surfaces was investigated with experiment and simulations. It was found that the peak absorption wavelength varies with the choice of metal in addition to the silicon film thickness. Perfect light absorption was observed in deep subwavelength ultra-thin silicon films deposited on titanium (Ti) and chromium (Cr) surfaces in the visible spectral range. A single layer silicon film as thin as 1/27 of the absorption wavelength on titanium metal surface is enough to give perfect light absorption in the visible range. By analyzing optical phase delays, it was found that the perfect light absorption occurs in the zeroth order cavity resonance mode, where the total round-trip phase delay inside the cavity is zero. The perfect light absorption is omni-directional and insensitive to change of angle of incidence. This work demonstrated a new pathway for generating optical colors with a fixed thickness silicon film by using different substrate metals.
